
Sensitivity of Boreal Forest 
Carbon Balance to Soil Thaw 

and lower moss layers warmed gradually in 
summer and stayed below air temperature 
until October (Fig. 1C) (1 2). Patches of soil 
remained frozen in late summer beneath 

M. L. Goulden,*"f. C. Wofsy, J. W. Harden, S. E. Trumbore, sphagnum hummocks and beneath feather 

P. M. Crill, S. T. Gower, T. Fries, B. C. Daube, S.-M. Fan, moss at depths of 75 to 100 cm, a pattern of 

D. J. Sutton, A. Bazzaz, J. W. Munger discontinuous permafrost that is common in 
central Canada ( 1 3 ). 

The site contained 40 2 20 tons C ha-' 
We used eddy covariance; gas-exchange chambers; radiocarbon analysis; wood, moss, in aboveground live and dead spruce (9) 
and soil inventories; and laboratory incubations to measure the carbon balance of a and 45 2 13 tons C ha-' in llve and dead 
120-year-old black spruce forest in Manitoba, Canada. The site lost 0.3 t 0.5 metric ton moss (7, 8). The largest pool of carbon was 
of carbon per hectare per year (ton C ha-' year-') from 1994 to 1997, with a gain of 0.6 in the soil-200 + 50 tons C ha-' in the 
t 0.2 ton C ha-' year-' in moss and wood offset by a loss of 0.8 2 0.5 ton C ha-' year-' sphagnum areas and 90 t 20 tons C ha-' in 
from the soil. The soil remained frozen most of the year, and the decomposition of organic the feather moss areas (8). These stocks are 
matter in the soil increased 10-fold upon thawing. The stability of the soil carbon pool typical of northern forests (2). Most of the 
(-150 tons C ha-') appears sensitive to the depth and duration of thaw, and climatic soil carbon was in a humified layer we refer 
changes that promote thaw are likely to cause a net efflux of carbon dioxide from the to as the deep pool, which was -40 to 80 
site. cm beneath the surface and just below the 

depth penetrated by fires. The deep carbon 
had bulk ages of several hundred to 7000 
14C years before present (7) and is consid- 

T h e  climate of the boreal zone has warmed moss grew in lower, wetter locations. About ered to be nearly inert in most biogeo- 
significantly in this century and is predicted 45% of the area within 500 m of the eddy chemical models. 
to warm fmher in the next century (1 ). flux tower was covered by feather moss, We made eddy covariance measure- 
The seasonally and perennially frozen soils 45% was covered by sphagnum moss, and ments of whole forest CO, exchange for 
of boreal forests contain one of the largest the remaining 10% was covered by fen (8). 22,000 hours from March 1994 to October 
pools of carbon in the terrestrial biosphere, The winters were harsh. The minimum 1997 (5). Daily net uptake started in early 
200 to 500 gigatons of carbon (1 Gt = lo9 temperature observed was -52°C and 3 or May, peaked at 10 to 15 kg C ha-' day-' 
metric tons) (2), an amount that could 4 months of each year had daily highs of from late May to early July, and declined 
increase the concentration of CO, in the -10" to -25°C (Fig. 1C). The growing to near zero in August and September 
atmosphere by as much as 50% if it were season began and ended with abrupt tem- (Fig. 1A). The forest lost 6 to 8 kg C ha-' 
released by climatic warming (3, 4). How- perature transitions, usually in May and day-' in October and 2 to 3 kg C ha-' 
ever, the sensitivity of boreal carbon bal- October. Daytime temperatures in the day-' from December to April. The abso- 
ance to temperature, and hence the magni- growing season were 15" to 25"C, and July lute rates and seasonal course of exchange 
tude and even direction of such a feedback, and August were nearly frost free. The soil were markedly different from those ob- 
is unknown. 

We used the eddy covariance technique 
(5), soil gas-exchange chambers (6), natural Fig. 1. (A) Daily carbon bal- 
abundance radiocarbon analysis (7), and ? 10 - A a ance measured by eddy cor- 
wood, moss, and soil inventories (8, 9) to $ 5 . relation (NEE). (B) Accumulat- 
investigate the carbon balance of a 120- \ - ' 0  ed GO, exchange @NEE) 
year-old black spruce forest in Manitoba, starting at zero on 1 October 
Canada, from 1994 to 1997 (1 0). The site a 

- 1994. (C) Dally mean temper- 
-10- { was typical of much of the North American atures at a height of 30 m 

boreal forest (I I). Natural vegetation ex- -15 - (-), 10 cm beneath the 
sphagnum moss surface 

tended for several kilometers m all direc- 
B (- - -), 20 cm beneath the sur- 

tions across a flat landscape. Dense black 
1200 - face (---), 50 cm beneath the 

spruce (10 m tall) and feather moss grew in surface ( T d  (- - - - -), and 
slightly higher, better dralned areas, and r 100 cm beneath the surface 
sparse spruce (1 to 6 m tall) and sphagnum (- -- -). Lines connect means 

m 

J 
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served above a deciduous oak and maple 
stand a t  the  Harvard Forest in  central 
blassachusetts (1 4 ) .  Carboil accumulation 
a t  Harvard Forest began in  late Mar- anii 

crease ill respiration coillcided \vith \varming 
a t  iiepths of 2Q to 100 cm (Flg. 1C) .  

T h e  nocturnal C O ,  efflux at the moss 
surface meas~lred with automateil chambers 

clue to flooding colltrols ilecomposition of 
organic inatter in  tundra soils (3 ,  4 ) ,  and 
the  apparent high sensi t i~~i ty  of RL1,,,,. to Tj, 
co111d have re<ulted fro111 changes in r a t e r -  
table depth that correlated with Tj,. H o n -  
ever, soil a t  the  site iiiil not drv out in 
miilsummer (22) ,  and RcIcL, did not vary 
wit11 raiiltall (Fig. 3B) .  

- 
colltinued a t  a comparativel\- high rate 
into Seutember. N e t  uutake a t  Harvarii 

(6)  sho~ved a midsuinlner increase compara- 
hle to that ohservcd by ediir- co\~ariance. 

Forest lagged that a t  the  evergreeil boreal 
site hy a inonth or inore e17en though 
Harvard Forest is 13" farther south. 

T h e  integrated eddy flux measurements 
at the boreal site sho\veil a loss of 0.7 I 0.5 
toil C ha-l froin October 1994 to October 
1995, a loss of 0.2 I 0.5 toil C h a p 1  from 
October 1995 to October 1996, anii a gain 
of Q . l  -t 0.5 ton C h a p 1  from October 1996 
to October 1997 (Fig. 1B) (15,  16) .  W e  
found no  evidence of high rates of carbon 
a c c ~ ~ m ~ ~ l a t i o n ,  nossiblr- associated with ni- 

Froin June to August moss surface respiratioil 
illcreased bv 8 to 15 kg C ha- Jav--l at all 
three slTllaghuin sites 1,;easured indelTenL~ent 
of moss temperature and by 10 kg C hap1  
dayp' at one of two feather sites (Fig. 3A).  
This seasixla1 illcrease in respiration (RLILLr) 
( 1  9 )  was correlated with the soil telnperature 
a t  a ilepth of 50 cm (Ti,,) (Fig. 3B). These 
observations eliminate the possibilities that 
ahovegro~~ild or moss-laver sources were re- 

- 
A11 alternative explanation is that T,, 

Ivas rclateii t o  the  iienth of the  active laver 
and that the miiisuinmer increase in respi- 
ration was a result of the iilcreasiilg volume 
of unfrozen soil. T h e  CO1 efflux from deep 
soil incubated in the  laboratory illcreased 
from 0.016 kg C per to11 C clayp' a t  2 ° C  
to 0.15 kg C per ton C dayp1 at j0C (23) .  
These observations correspoll~i to a n  in- 
crease at the site from 1.5 to 3 kg C h a p 1  
day-' in completely froze11 soils to 15 to 10  
kg C ha- '  ilaypl in thawed soils. These 

u 

sponsible for the lnidsuilllner increase in res- 
~ i r a t i o n  because the increase 1x7as insensitive 

trogetl iieposition, elevated CO?, or climatic 
\\.arming, as has been suggested is occurring 
in the boreal iolle on the basis of analyses of 
atmospheric CO,  (1 7). W e  emphasi:e, ho\v- 
e17er, that the forest is relatively old, and 
stands in the area that are \-ounger or dom- 
inated b\- deciduous \~egetation may be ac- 

to diurnal and s\-nc~ptic \~ariatio~ls it1 air tem- 
perature. T h e  measurements are also incon- 
sistent with a n  increase in root gro~vth being 
respollsible hecause the increase was smallest 
beneath feather inc>ss, \\,here root respiration 
appears to be greatest (2L1). Instead, the oh- 
servations impl\- that the iiecompc,sition of 
deep cashon illcreased in miiisummer by 
-lQ kg C ha- '  ciav-I. 

Analyses of ItCO2 in the pore space of 
the  moss layer pro\+.ied turther evidence of 
the  decomposition of deep carbon (7 ) .  T h e  
AI4C of moss-laver C O -  in late fall ailii 

rates are coilsisteilt ~ v i t h  the  field obser\~a- 
tions (Figs. 1 to 3 )  and proviiie evidence 
that soil tha\v directl\- controlled the  sea- 
sand cycle of deep iiecomposition. In con- 
trast, chamher measLlreinents in nearby ne t -  

cumulating carbon at high rates. T h e  ailllual 
gross production reinained coilsistellt from 
year to year at -8.0 toils C h a  ' yearp', 
lvhereas anilual respiration ranged froill 8.9 
toils C hap '  year-' in 1995 to 7.9 tons C 
ha- '  \-earp1 in 1997 (18).  T h e  carbon bal- 

lands do  not shon. a seasonal illcrease in  
iieep iiecomposition (R,,Lcl,), apparently be- 
cause anoxia at those sites liinits decompo- 
sition even after thaxv (24).  

, , 

a x e  was the small residual of two inuch 
larger fluxes, a pattern that may make it 

winter, after correctioil for atmospheric di- 
lution, \vas -80 to - 150Ro, correspoililiilg 
to a bulk source age of 6Q0 to 1300 "C 
years. This iieuletioil of ' T O ,  illiiicatcs 

extremely sensitive to climate. 
Analyses of forest reco17err- after fire in- 

dicated t l ~ a t ,  o n  average, 120-;,ear-old black 
spruce stands in  the area acc~lmulate 0.2 to 
0 .4  ton C hap1  \-earp' in the  illoss layer (8). 
Measurements of steln iilcrement a t  the  site 
showeil that 0.2 to 0.4 toil C 11a-l yearp1 
has been stored in ~voody hioillass ciuring 
the  past 13 years (9) .  This comhineii gain 
(0 .6  i- 0.2 ton C h a p 1  yearp') ,  couyleii 
nit11 the  loss ineas~lred b\- edily covariance 
(0.3 2 0.5 ton C hap '  yearp1) (Fig. l R ) ,  
implies that 0.9 I 0.6 toil C ha-l yearp1 
was lost from the deep pool. 

A direct measurement of the loss of soil 
carbon mras not feasible because of the her- 
erogeneity, although several lines of indirect 
evidence support this conclusion. T h e  miil- 
summer decline in net uptake (Fig. 1A)  n.as 

that autotrophic respiration was millor ancl 
that Jeen decom~>osition was the  lnaiil 
source of the winter efflux ohservcd by eddy 
covariance (2 to  3 kg C hap '  dayp ' )  and 
the  similar efflux ohserveii froill the snon.- 
pack with chamhers (7 ) .  

T h e  sensitivity of R to Tji, (Fig. 3R) 
was much greater than is consiilereil tv~ic:ll 

u , L 

for soil respiration (21 ), which suggests that 
deep decolnpositiol1 was coiltrolleJ hy a 
mechanism other than the  direct effect of 
t empera t~~re  o n  ens\-me activitv. Laboratory 
and field stuiiies have s h o ~ v n  that ailoxia 

June 1 July 1 Aug 1 Sept 1 

Fig. 3. (A) Noctirrna respiration at a sphagnum 
'moss sc~rface as a fcrncton of lnoss temperature 
(T..,;;i before 18 July 1996 (open clrclesi. and 
after 19 July 1996 ( f e d  triangles). The efflux of 
CO,. which reflects the combined rate of moss. 
root, and microbla netabosm,  was measured 
every 3 hours with an automated chamber (6). (B) 
Seasonal Increase in respraton (R,,,,,,) (open c r -  
cles) [see (19)], soil temperature 50 cm beneath a 
spI?agnir~n sc~rface (T,,) ( s o d  line). and rainfall 
(~ii~l l i~neters dlvided by 4) (vertca lines). The least 
squares f ~ t  in (B) was R,,,,,, (kg C h a '  day ' )  = 

0.76 i 1.09 x Tg0 ('C) (n = 207, i-" 0.69). The 
slopes were 1.7 and 1.3 at the other sphagnum 
chambers and 1.5 and 0 . 4  at the feather moss 
chambers. 

associated with an  increase in respiration. 
Respiratioil illcreased hy -10 kg C hap1  
dayp' from July to August, \vilereas photo- 
synthesis reinained relativel\- constailt ex- 
cept for a ilecline of -5 kg C hap '  iiayp' 
caused b\- decreasing day length. T h e  mid- 

'-- . 
June 1 July 1 Aug 1 Sept 1 

Fig. 2. Noct i~rna GO2 effl~ix (wlioe forest resplra- 
ton) on wndy nghts w t h  air temperatui.es of 8" to 
12'C. Points are lneans for indvdua ~?gI?ts w t h  
at least four valid 30-mi11 observat~ons (5, 14). 
Both respiration and photosyntlies~s were re- 
duced during perods w th  freezng nights (5), typ- 
ically before md-June and after early September, 
apparently because of changes In leaf actvity. 

summer illcrease in respiration \vas not 
caused b\- warmer air temperatures (Fig. LC); 
whole-forest respiration, after coiltrollii1g for 
air temy~erature b\- considering old\- 8' to 
12°C \vinLiy nights, iilcreaseii from 41 kg C 
h a p 1  dayp' in  Jul\- to 51 kg C hap '  d a \ - I  in 
August (Fig. 2). Rather, the  midsummer in- 



T h e  eddy covariance, chamher, a n ~ l  lab- 
orator\- observations all i~ldicate a deep de- 
colnpositiiin in late summer of -1Q kg C 
hap '  dayp' and an  anlll~al deep iiecomposl- 
tion of 0.5 to 1.5 tolls C h a p 1  (25). T h e  
corresponding turnover tiille for soil carbon, 
-150 years, is shorter than the mean age 
lneasl~re~i with I4C, nh lch  implies that the 
deer pc~ol was not in steady state. T h e  long- 
terln input of carl-on to the deep pool, based 
on 14C measurements, is -0.2 toll C hLlpl 
\-earp' (7), a.hich indicates a net loss iiuring 
the stud\- of 0.3 to 1.3 tons C hap '  yearp'. 
This confirms the interpretation that a loss 
of car[-on froin the soil offsets the gains in 
~noss  ,~nii ~vooil. A silnllar loss of carbon has 
heen reporteci for tllildra in hlaslia (4) anii 
attributed to clilnatic warming. It is possible 
that the loss of carhon from the Iilacl< spruce 
site like\\.ise resultzd tiom warming. T h e  
lneall air telnperature and the iliumal range, 
an indicator of sunlight ( 1  2 ) ,  \rere generally 
above average during the early summers of 
the stud! (26) ,  possibly resulting in increasecl 
soil thaw. Moreover, the illtera~llll~al n r i -  
ability in carlion balance was correlated n.it11 
the early suininer air telnperatures (Fig. 1)  
(27).  

T h e  glohal mean temperature is predict- 
eil to increase -2°C 1.y the  year 21170 (1 ) .  
\Y7arming of this magnituiie \\.auld likelv 
eliminate permafrost a t  the site (13) and. 
assuming sufficie~lt drainage, sig~lificantl\- 
increase the  decomposition of deep carbon. 
\Y7arming ma\- also stimulate plant yroiiuc- 
tion, although we expect this effect n.ould 
he modest. T h e  air telnperatures in miiisum- 
mer are already optimal for photosvnthesis 
(5),  and the rapid changes in temperature 
in  spring anc1 tall (Fig. LC) lilnit the asso- 
ciated increase in lellgth of the  ?rowing 
season (28) .  T h e  soil currentl\- contains 
more carlion than is storeii in the \.egeta- 
t ion of a tllatllre temperate JeciJuin~s or 
boreal fore.;t ( 2 ) .  An indirect stimulation of 
production, causeii either by i~lcreaseci rill- 
trient milleraliratioll or by a n  in~.asion o t  
deciduous trees ( 3 ) ,  ~.ol l l i l  have to 1.2 large 
to  offset the  expected loss of .;oil carhon. 
Changes in climate that prolnote than. are 
therefore likely to  cau.;e a net loss of carbon 
fro111 el.ergreen horeal ecosystem.; o t  the 
type stu~iieii. 
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(74) Tlie largest uncer-ant? 11  da y 21-s anriual car- 
bon bslsnces ves  assosated ;': tti seectve :,lases 
irom day to -11git (74). ',?.'e attempted to correct for 
t iese 15) cut ~ i o te  tlist tlie trestnient o i  calm nghts s 
col-troversa . and tliereiore h'e attscli air u l icersnty 

of zZ.5  toil C ha-' year-. to account tor rem2ning 
B(131S. 

16 Smlarly A Grelle [tliess. Sv~ed si' IJnversty or AS- 
r~cultura Scences Uppsa12 1,1997)!, n a long-term 
recsrd of CO, exch2,i&e zbo've a 53- to 1 ::-year- 
old sprLce 2nd p lie boreal forest 1-1 Stfi51eden. sb- 
serded an ann~a l  loss st CO,. 

I:, P. C~as. F. P. Tans M. T ~ s l e r  J. 1':' C 'Rh te. P J 
Francey, Ssre!-se 269. 1395 11995, C. 3. <eeng 
J F S. Ch n T. P. l'lv'hsr'. Na:~!i'e 382 146 i l996):  
P. 6 .  My,ie,-~ C. D. <eeIna. C. J. Tucker. G, Asrar 
P, 3. Nemzli . 10~3. 386 695 I 1997 I .  

18. Ti'e obser!atotis of net exch2nge t*>~ere sep2r2ted 
nts <esp ratsry and pl iotosyi t ietc fluxes by est-  
tnatng da)tme resp r2tsn b a e d  s r  2 seres of re- 
gl.essons betv~een CC, efflux sn vmd) n ghts and 
21r te:iiperzture !c', 1 4 .  

19 Si'allov, resp rats? (R,, .,,.I was calculated f.-oln the 
exponenta regression betlr!een ~ n e ~ s u r e d  resprz- 
t ~on  2 ~ i d  t i e  teliiperzture at a depth of 5 cm  IT,..,,,^ 
befsre deep so11 tiav, i2a Ma) to 22 Juie) l e e p  
respra ts i  (RcCC,,) was calc~lated as tlie d~fference 
betvjeel- ,neasured resp r2t sn and R ,,., ,.,,,. R ,,,, jLz 

IS t i e  compone,it sf respratioi that responds to 
diur,ial and synoptic $ar2 tsn n temperzture. Rclccp 
1s the co1npo1-ent that 's ~nseis'tive ts  si'ori-term 
temperature varlat~sn. Dirrt-la cianges n alr temper- 
a t ~ ~ r e  propagated to a deliti' of absut 20 cm. n p l y -  
n g  that R l l  .,,, 1s I-iosty 1';e moss resprator 2 i d  
Rcool, IS rsot respiratlsn and deep decomposlt~on. 

20. T i e  cli2mber lneas~rernents Integrated f ro~n May ts  
October 1996 sl-~olr!; net efflux s f 4  to 6+ons C I i 2 '  
at tke reati'er !moss sites and no l e t  exci-a,ige at the 
sp iag l -L I I~  s~tes. Th~s p2ttern zpparentl) reflects a 
lkrge drference 1.1 root resprator arid I tter nput 

21. J. I.:'. Paci-~ and 1'1~'. t. Schlesnger, Te!,'~,s Ser B 
C8>en;. Ph~zs, ivle:ecrol 44 83 11 992) but see J. Lls)d 
2rd  J 4 .  Tabor F~!r-ci Eco! 8, 21 5 I 199J)! a i d  M 
4 r s c i b a ~ m  [Sc!; B,cl. B~- .s l~en~ 27. 753 11 995)]. 

22, As lneas~red by t lne-do1na1.i reflecto,netry wthlr  
1 :0 m of tl-~e tolr!er 3 ,  i. C ~ e n c a ,  S. F. Kelly. D. 
Gsci ls Eos. Nov. 12 Suppl. (1 996)). 

23. S s  frsm tlie h ~ ~ ~ n ~ r e d  layer ?.,as excadated a i d  
shpped to Meno Park !r!1t1-1 ~ I ~ - I I ~ ~ L I I ~  d~sturb~nce.  
Ss I sa,nples  ere placed I r-t~gi't fo~l-v~rapped 
cont2 ners v ~ t l i  snly the top a ~ ~ d  bott0.n surfaces of 
the cores exposed and ie ld  at -2" and +5'C. The 
CO, n the ie2dspace was detertnned perodcal)  
oder 333 days and tile I iear f t sf CC, iersLls time 
w2s used to czcuate resprat on 'Re ds  not knsv, 
v,ietl-~er a or tlie deep c2rbsn IS k b l e  and note t ia t  
solne or t IS charcoal 2 i d  ursbabl'd recac t rz i t .  See 
also J S C ~ I -  z i d  J F Sch~nel  [Sea 610; BICC,%I~~. 
27, 1231 11995)!. 

24 J, 3ub1er ~ i p ~ ~ b l ~ s i e c l  nater1'1. 
25. Tlie so l  at a depth or 5: to 1 :0 cln tlis.v!ed for 10: ts 

50 cays eash year Fig. 1 C), mpying the decompo- 
s t'on o i  0 5 to 1.0 ton C h a  from ~n 'ds~~mrne r  to 
early fall. The CO, efflux dur'ng 'nten/als:./'ti' ireez'ng 
s o  telnpe.atures v;as -0.5 ton C Pa-' year-' 
leading as to estl~nate an annual seep zecompos - 
tlon o i  1 2 z 0 5 ton C lia ' year-'. Regresson 
a~ialyses ! F I ~ .  3E1 also ~np ly  --1.0 ton C l ia--  
year -  vjhereas the aboratorv ricubatons (23) sug- 
gest a some;':l- at hglier rate 

2E. Tlie mean temperature at tlie Tliompson A rport 140 
km east) f ro i i  1 June to 15 July ;':as 13 6'C n 133L. 
15 O'C 111 1995, an; 15.2'C 11  1996. The sompara- 
ble mean irom 1969 to 1996 >:?as 13.1 'C. and tlie 
~ i t e r~a l s  n 1995 and 1996 ;':ere among the f~ve 
b,'!armest on recors The lnean te~nperature at the 
ste v;as 1'C cooler n 1937 ti-la11 n prevous years. 
nslcat~ng nesr-nornia temperatures n 1997 TCie 
siarna range from 1 rLllie to 15 July \,'!as 15 2'C n 
133L. 15.5CC n 1995. 1 L.3'C 11 1996, an; 14 1 'C 
from 1363 to 1936 T i e  range In 1995 ;':as the ses- 
onci largest on record and m p e s  that solar razat~on 
':/as 8% /n,bove average !:2;. TCie alin~lal mean ten -  
peratares zurng tlie s t ~ ~ s y  ':/ere close to the 1963- 
1996 sversge. See also J. Overseck $7 a,'. Sc,$t'ce 
278 1251 :I3971 and \".I. L. Chapman anz J E 
\!~!alsii BLii' A!?' /,/l$foc<o! Soc 74. 33 119933. 

2:. Tke nterannua trenss n carbon balance :./ere ~ i o t  
obviously relates to vsraton n deep s o  tempera- 
ture  IF^. 1) T-~e r e a b t y  of tliese lness~lrelnents as 
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Evidence of Shallow Fault Zone 
Strengthening After the 1992 M7.5 

Landers, California, Earthquake 
Yong-Gang Li,* John E. Vidale, Keiiti Aki, Fei Xu, 

Thomas Burdette 

Repeated seismic surveys of the Landers, California, fault zone that ruptured in the 
magnitude (M) 7.5 earthquake of 1992 reveal an increase in seismic velocity with time. 
P, S, and fault zone trapped waves were excited by near-surface explosions in two 
locations in 1994 and 1996, and were recorded on two linear, three-component seismic 
arrays deployed across the Johnson Valley fault trace. The travel times of P and S waves 
for identical shot-receiver pairs decreased by 0.5 to 1.5 percent from 1994 to 1996, with 
the larger changes at stations located within the fault zone. These observations indicate 
that the shallow Johnson Valley fault is strengthening after the main shock, most likely 
because of closure of cracks that were opened by the 1992 earthquake. The increase 
in velocity is consistent with the prevalence of dry over wet cracks and with a reduction 
in the apparent crack density near the fault zone by approximately 1 .O percent from 1994 
to 1996. 

A fault plane undergoes sudden stresses, 
shaking, and cracking during an earth- 
quake. Extensive research has been directed 
toward understanding this phenomenon (1, 
2), but many facets remain obscure. 

We focus on the rate at which a fault 
regains its strength following a large earth- 
quake. This rate is needed to understand 
how fault zones strengthen or "heal" after 
an earthquake, but so far, only simple laws 
have been assumed based on laboratory ex- 
periments rather than direct observations in 
the field. In addition, the healing rate may 
affect the probability of another earthquake 
in a fault zone. Ex~erimental studies (3) . . 
indicate that a longer interval since the 
previous episode of faulting correlates with 
higher stress drop in the subsequent rupture. 
Studies of repeated earthquakes along a 
fault (4) show trends that are consistent 
with state- and rate-dependent healing 
models (5). 

We had the particularly favorable situa- 
tion of probing the evolution of a shallow 

fault that had recently undergone large dis- 
placements. Earlier efforts to identify dila- 
tancy that might be detectable near fault 
zones failed because of low sensitivity cou- 
pled with what we cow know to be subtle 
precursory changes due to dilatancy (2, 6). 
Repeated surveys near Parkfield (7) is show- 
ing small changes in velocity over time, but 
in the absence of a large earthquake and 
with uncertainty about the precise location 
of the velocity change, its significance is 
hard to assess. A comparison of earthquakes 
before and after a specific large event 
showed a small coseismic reduction in wave 
velocitv at stations with unconsolidated. 
sedimentary rocks that were strongly shak- 
en (8 ) ,  suggesting the temporal change was 
a shallow effect of shaking rather than a 
physical change in the bedrock. One study 
(9) suggests changes in scattering of P 
'waves with a 1-s period around the time of 
large earthquakes, but the pattern is not yet 
well established. 

We conducted two identical seismic ex- 
periments on 2 November 1994 and '6 Au- 

Y.-G. Ll and K. Aki, Department of Earth Sciences, Uni- gust 1996 (12ig. 1) to monitor the change of 
versity of Southern California, Los Angeles, CA 90089- 
0740, USA. fault zone physical properties after the 1992 
J. E. Vidale and F. Xu, Department of Earth and Space M7.5 Landers earthquake. A pair of explo- 
Sciences, University of California at Los Angeles, Los sions, or ushots," in 30-m boreholes along 
Angeles, CA 90095-1 567, USA. 
T. Burdette, U.S. Geological Survey, Menlo Park, CA the Johnson segment of the 
94025, USA. Landers fault zone were detonated in each 

70 whom correspondence should be addressed. E-mail: using 40° Too pounds 
ygli@terra.usc.edu chemical emulsions for each. A pair of lin- 

ear three-component seismic arrays record- 
ed the arrivals of seismic waves for each 
explosion. The arrays were 3-km in length 
and aligned perpendicular to the fault. The 
two arrays were separated by 13 km, and the 
explosions were located between the arrays 
(Fig. 1). The array along line 1 had 36 
stations and the array along line 3 had 21 
stations. 

Line 1 is centered at the region that 
experienced the maximum amount of slip- 
about 3 m-on the Johnson Valley fault 
during the Landers earthquake (Fig. 1). Slip 
is smaller near line 3, and also diminished 
to the north until the surface rupture con- 
nected with the Homestead Valley fault. 
Fault slip at depth is more difficult to de- 
termine, but seems to resemble the slip at 
the surface (10). The recurrence of faulting 
on the Johnson Valley fault is estimated to 
exceed 1000 years (11, 12). 

The data from line 3, collected in 1996, 
had P waves visible on all traces near 1 s. 
The S waves had a longer period and were 
more prominent on the horizontal compo- 
nents near 2 s, and the fault zone trapped 
modes appeared from 3 to 8 s (Fig. 2). The 
trapped waves showed larger amplitudes, 

Fig. 1. Map of the study region showing locations 
of two seismic arrays at line 1 and line 3 and two 
explosions SP4 and SP5 in the fault zone of the 
1992 Landers, California, earthquake. Only the 
southern half of the Landers rupture lies within this 
map, and the dextral surface-fault slip profile is 
shown (inset) to the left of the map (12). JVF, 
Johnson Valley fault; KF, Kickapoo fault; HVF, 
Homestead Valley fault; and PMF, Pinto Mountain 
fault. 

www.sciencemag.org SCIENCE VOL. 279 9 JANUARY 1998 21 7 




